Objective Low physical fitness and obesity have been associated with higher risk of developing heart failure (HF), but their interactive effects are unknown. Elucidation of interactions among these common modifiable factors may help facilitate more effective primary prevention. Methods We conducted a national cohort study to examine the interactive effects of aerobic fitness, muscular strength and body mass index (BMI) among 1 330 610 military conscripts in Sweden during 1969-1997 (97%-98% of all 18-year-old men) on risk of HF identified from inpatient and outpatient diagnoses through 2012 (maximum age 62 years). Results There were 11 711 men diagnosed with HF in 37.8 million person-years of follow-up. Low aerobic fitness, low muscular strength and obesity were independently associated with higher risk of HF, after adjusting for each other, socioeconomic factors, other chronic diseases and family history of HF. The combination of low aerobic fitness and low muscular strength (lowest vs highest tertiles) was associated with a 1.7-fold risk of HF (95% CI 1.6 to 1.9; p<0.001; incidence rates per 100 000 person-years, 43.2 vs 10.8). These factors had positive additive and multiplicative interactions (p<0.001) and were associated with increased risk of HF even among men with normal BMI. Conclusions Low aerobic fitness, low muscular strength and obesity at the age of 18 years were independently associated with higher risk of HF in adulthood, with interactive effects between aerobic fitness and muscular strength. These findings suggest that early-life interventions may help reduce the longterm risk of HF and should include both aerobic fitness and muscular strength, even among persons with normal BMI.
InTROduCTIOn
Heart failure (HF) currently affects more than 5 million US adults and is a leading cause of hospitalisation and mortality. 1 2 Because of ageing of the population and improved survival among cardiovascular patients, the prevalence of HF is projected to increase nearly 50% by 2030. 2 Common predisposing conditions for HF include hypertension, ischaemic heart disease (IHD), valvular heart disease and diabetes mellitus. 3 A growing body of research has sought to identify other risk factors early in life, which may help facilitate earlier and more effective primary prevention.
Prior studies have reported that obesity, 3-9 low aerobic fitness [10] [11] [12] [13] and low muscular strength 13 are associated with higher risk of developing HF. However, most studies have examined these factors in mid-adulthood and not earlier in life. In addition, their potential interactive effects on the long-term risk of HF are unclear. It is unknown, for example, whether early-life physical fitness is protective against HF among non-obese and obese persons, or whether there are synergistic effects between different types of physical fitness (aerobic fitness and muscular strength). We previously reported associations between these exposures and hypertension, 14 type 2 diabetes mellitus, 15 IHD, 16 stroke 17 and mortality. 18 However, to our knowledge, no studies have examined the independent effects of these exposures and their potential additive or multiplicative interactions in relation to long-term risk of HF. A better understanding of these effects may provide further insights into aetiologic pathways for HF and help inform patient counselling for susceptible subgroups.
To address these knowledge gaps, we conducted a large national cohort study to examine the interactive effects of aerobic fitness, muscular strength and body mass index (BMI) on the long-term risk of HF. These exposures were assessed using standardised protocols in 18-year-old male military conscripts in Sweden who were then followed up for HF in adulthood. Our aims were to examine the interactive effects of these factors on the development of HF in a large population-based cohort, which may help inform better primary prevention.
MeThOdS

Study population
The study population consisted of all 1 547 478 men (age ~18 years) who underwent a military conscription examination in Sweden during 1969-1997. [14] [15] [16] [17] [18] All ~18-year-old men nationally were conscripted each year except for 2%-3% who either were incarcerated or had severe chronic medical conditions or disabilities documented by a physician. In this study, the primary analyses included all individuals with complete data (n=1 330 610; 86.0%), and sensitivity analyses were performed to assess the influence of missing data (as described below). This study was approved by the Regional Ethics Committee of Lund University in Sweden (No. 2010/476). Participant consent was not required as this study used only registry-based secondary data. To ensure confidentiality, all names and national identification numbers were replaced by anonymous serial numbers in adherence to the Personal Data Act (1998:204) and the
OrIgInaL rESEarCH arTICLE
Aerobic fitness, muscular strength and obesity in relation to risk of heart failure Act (1995:606) and Ordinance (1995:1060) on certain personal registers.
Aerobic fitness, muscular strength and BMI ascertainment
Aerobic fitness, muscular strength and BMI measurements were obtained using the Swedish Military Conscription Registry, which contains information from a 2-day standardised physical and psychological examination required for all conscripts starting in 1969. [14] [15] [16] [17] [18] Aerobic fitness was measured as the maximal aerobic workload in watts using a well-validated electrically braked stationary bicycle ergometer test. 19 Maximal aerobic workload is highly correlated with maximal oxygen uptake (VO 2 max; correlation ~0.9), 20 and its measurement using this ergometer test is highly reproducible, with a test-retest correlation of 0.95. 21 Muscular strength was calculated as the weighted sum of maximal knee extension (weighted ×1.3), elbow flexion (weighted ×0.8) and hand grip (weighted ×1.7), each measured in Newtons using well-validated isometric dynamometer tests. 22 Details of these protocols have been described previously. [14] [15] [16] [17] [18] [19] [20] [21] [22] In this study, aerobic fitness and muscular strength were examined alternatively as continuous variables or categorical variables in tertiles (aerobic fitness in watts: low (<240), medium (240-288), high (≥289); muscular strength in Newtons: low (<1900), medium (1900-2170), high (≥2171)).
Height and weight were measured using standard protocols and examined alternatively as continuous variables or categorical variables in tertiles (height in cm: low (<175.0), medium (175.0-181.4), high (≥181.5); weight in kg: low (<64.0), medium (64.0-71.3), high (≥71.4)).
14-18 BMI also was examined as an alternative to height and weight. BMI was calculated as weight in kilograms divided by the square of height in metres, and examined alternatively as a continuous or categorical variable using Centers for Disease Control and Prevention (CDC) definitions for children and adolescents aged 2-19 years to facilitate comparability with US studies: 'overweight' is defined as ≥85th and <95th percentiles and 'obesity' as ≥95th percentile on the CDC's 2000 sex-specific BMI-for-age growth charts, which correspond to BMI ≥25.6 and <29.0 and BMI≥29.0, respectively, for 18-year-old men. 23 
hF ascertainment
The study cohort was followed up for HF from the date of the military conscription examination through December 31, 2012 
14-18
Adjustment variables
Other variables that may be associated with physical fitness or BMI and risk of HF were obtained from the Swedish Military Conscription Registry and national census data, which were linked using an anonymous personal identification number. [14] [15] [16] [17] [18] The following were used as adjustment variables: year of the military conscription examination (as a continuous variable); highest education level attained during the study period (<12, 12-14, ≥15 years); neighbourhood socioeconomic status (SES, included because it has been associated with obesity and physical fitness 24 and with cardiovascular risk factors; 25 composed of an index that includes low education level, low income, unemployment and social welfare receipt, as previously described, 26 and categorised as low (<−1 SD from the mean), medium (−1 to 1 SD) or high (>1 SD)); and family history of HF in a parent or sibling (yes or no, identified from the Swedish Hospital Registry during 1965-2012 and the Swedish Outpatient Registry during 2001-2012, using the same diagnosis codes noted above). In addition, we adjusted for the following chronic diseases that are known risk factors for HF as time-dependent variables: hypertension (ICD-8: 400-401; ICD-9: 401; ICD-10: I10), IHD (ICD-8/9: 410-414; ICD-10: I20-I25), valvular heart disease (ICD-8/9: 394-397, 424; ICD-10: I05-I08, I34-I39) and diabetes mellitus (ICD-8/9: 250; ICD-10: E10-E14).
Statistical analysis
Cox proportional hazards regression was used to compute HRs and 95% CIs for associations between aerobic fitness, muscular strength, height, weight or BMI and risk of HF. [14] [15] [16] [17] [18] The Cox model timescale was elapsed time since the military conscription examination, which corresponds to attained age because baseline age was the same (18 years) for all conscripts. Individuals were censored at emigration (n=86 797; 6.5%) or death (n=44 183; 3.3%).
Three adjusted models were performed: the first was adjusted for attained age (as the timescale) and year of the military conscription examination; the second additionally included height, weight, aerobic fitness, muscular strength, education level, neighbourhood SES and family history of HF; and the third was further adjusted for hypertension, IHD, valvular heart disease and diabetes mellitus (as defined above). The proportional hazards assumption was evaluated by graphical assessment of log-log plots, which showed a good fit in all models.
Interactions among aerobic fitness, muscular strength and/ or BMI were examined on both the additive and multiplicative scales in relation to the risk of HF. [14] [15] [16] [17] [18] Additive interactions were assessed using the 'relative excess risk due to interaction' (RERI), which is computed for binary variables as: RERI HR = HR 11 − HR 10 − HR 01 + 1. 27 Multiplicative interactions were assessed using the ratio of HRs: HR 11 /(HR 10 × HR 01 ). 27 Several sensitivity analyses were performed. First, we assessed the sensitivity of results to missing data by repeating all analyses using the entire data set after multiple imputation of missing data for each variable based on its relationship with all other covariates and HF. 28 Second, we assessed the influence of other chronic diseases by restricting to men who were never diagnosed with hypertension, IHD, valvular heart disease or diabetes mellitus. Third, we assessed different starting points for the follow-up period, alternatively starting in 1987 (at which time inpatient diagnoses were available nationwide instead of only for the most populous counties) or in 2001 (at which time both inpatient and outpatient diagnoses were available nationwide). Fourth, we performed a competing risks analysis in which we accounted for competing risks due to death from other (non-HF) causes. All statistical tests were two sided and used an α level of 0.05. All analyses were conducted using Stata 14.1. 
ReSulTS
Among
Main exposure effects
Low aerobic fitness at the age of 18 years was independently associated with higher risk of HF in adulthood, after adjusting for muscular strength, height, weight and other factors (table 2, lowest vs highest tertile, fully adjusted HR: 1.45; 95% CI 1.34 to 1.56; p<0.001). Low muscular strength also was associated with a modestly increased risk of HF (lowest vs highest tertile, adjusted HR: 1.17; 95% CI 1.11 to 1.24; p<0.001). When examined as continuous variables, both aerobic fitness and muscular strength had highly significant inverse linear trends across their full distribution in relation to HF risk (trend tests, p<0.001; table 2), although aerobic fitness was the stronger risk factor (p heterogeneity <0.001).
Height was inversely and weight was positively associated with the risk of HF (table 2) . High BMI at the age of 18 years (examined as an alternative to height and weight) was strongly associated with higher risk of HF in adulthood, including a highly BMI was modelled as an alternative to height and weight in a separate model. The reference category for all variables is indicated by an HR of 1.00. *Adjusted for age and year of military conscription examination. †Adjusted for age, year of military conscription examination, aerobic fitness, muscular strength, height, weight, education, neighbourhood SES and family history of HF. ‡Adjusted for age, year of military conscription examination, aerobic fitness, muscular strength, height, weight, education, neighbourhood SES, hypertension, ischaemic heart disease, valvular heart disease, diabetes mellitus and family history of HF. BMI, body mass index; HF, heart failure; SES, socioeconomic status.
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significant linear trend (trend test, p<0.001; table 2). Obesity was associated with approximately a 2-fold risk, and overweight with nearly a 1.5-fold risk, relative to normal BMI (table 2) . Family history of HF was associated with a modestly increased risk of developing HF. After adjusting for other factors, ischaemic heart disease and valvular heart disease were each associated with >7-fold risks, hypertension with nearly a 3-fold risk and diabetes mellitus with a 2-fold risk of HF (table 2) .
Among the adjustment variables, education level accounted for most of the difference in risk estimates in model 2 compared with model 1, and IHD and diabetes mellitus accounted for most of the difference in model 3 compared with model 2. All of the sensitivity analyses yielded similar risk estimates as the main analyses, and the overall conclusions were unchanged. For example, after restricting to men never diagnosed with hypertension, IHD, valvular disease or diabetes mellitus (n=1 217 678; 91.5%), adjusted HRs were 1.49 comparing lowest versus highest tertile of aerobic fitness (95% CI 1. 31 
Interactions among aerobic fitness, muscular strength and BMI
The interactive effects of aerobic fitness and muscular strength on risk of HF are shown in table 3. The combination of low aerobic fitness and low muscular strength was associated with highest risk (lowest vs highest tertiles, adjusted HR: 1.72; 95% CI 1.57 to 1.88; p<0.001; incidence rates per 100 000 person-years, 43.2 vs 10.8). Low aerobic fitness was associated with increased risk of HF irrespective of muscular strength level (adjusted HRs, 1.18-1.72; table 3, marginal HRs in right-most column), whereas low muscular strength was associated with increased risks only among men with medium or low aerobic fitness (marginal HRs in lower part of table 3: 'HRs for low muscular strength within strata of aerobic fitness'). There was a highly significant positive interaction between low aerobic fitness and low muscular strength on both the additive and multiplicative scales (ie, the association between either of these factors and HF varied significantly across levels of the other factor, and their combined effect exceeded the sum or product of their separate effects; p<0.001). figure 1 shows the probability of HF among men at the 25th, 50th and 75th percentiles of muscular strength across the full distribution of aerobic fitness, from the fully adjusted model. The non-parallel lines, particularly at the lower range of aerobic fitness, reflect a significant interaction.
Aerobic fitness and BMI had no additive and a negative multiplicative interaction (ie, their combined effect was less than the product of their separate effects, p=0.02; online supplementary table 2). Muscular strength and BMI had no interactions on either the additive (p=0.74) or multiplicative (p=0.75) scale (online supplementary table 3). Either low aerobic fitness or low muscular strength was associated with increased risk of HF among men with normal BMI (adjusted HR, lowest vs highest tertile: aerobic fitness, 1.60; 95% CI 1.48 to 1.72; p<0.001; muscular strength, 1.14; 95% CI 1.08 to 1.20; p<0.001; online supplementary tables 2 and 3). In a secondary analysis, we also found positive additive and multiplicative interactions between low height and either low aerobic fitness or low muscular Table 3 Interactions between aerobic fitness and muscular strength in relation to risk of heart failure* Interaction on multiplicative scale, lowest versus highest tertiles: ratio of HRs (95% CI)
1.45 (1.21 to 1.69); p<0.001 *HRs are adjusted for age, year of military conscription examination, height, weight, education, neighbourhood SES, hypertension, ischaemic heart disease, valvular heart disease, diabetes mellitus and family history of heart failure. †Incidence rate per 100 000 person-years and total number of cases.
RERI, relative excess risk due to interaction; SES, socioeconomic status.
strength in relation to HF risk, after adjusting for weight and other covariates (lowest vs highest tertiles, p<0.01 for each interaction).
dISCuSSIOn
In this large population-based cohort study, we found that low aerobic fitness, low muscular strength and obesity at the age of 18 years were independently associated with higher risk of developing HF in adulthood, after adjusting for each other, socioeconomic factors, other chronic diseases and family history of HF. Low aerobic fitness and (less strongly) low muscular strength were each associated with increased risk even among men with normal BMI. Furthermore, these factors had positive additive and multiplicative interactions, that is, their combined effect on HF risk exceeded the sum or product of their separate effects. To our knowledge, this is the first study to examine the independent effects of these exposures on risk of HF, and potential additive and multiplicative interactions. Additive interactions are seldom examined despite having more implications for public health, by indicating in which subgroup an intervention would prevent the most cases. Previous studies have reported similar main effects of obesity, [3] [4] [5] [6] [7] [8] [9] aerobic fitness [10] [11] [12] [13] or muscular strength 13 on the risk of developing or being hospitalised with HF. A meta-analysis of 23 studies with a total of 647 388 participants reported that the relative risk for association between each 5-unit increase in BMI and incident HF was 1.41 (95% CI 1.34 to 1.47). 7 Other studies have suggested that self-reported physical activity is inversely associated with HF risk, 3 4 irrespective of BMI. 5 This study found important independent effects of these factors at the age of 18 years on long-term risk of HF, and highly significant interactions between aerobic fitness and muscular strength. The additive interaction indicates that low aerobic fitness accounted for more HF cases among men with low muscular strength compared with high muscular strength. If the observed associations are causal, improvements in aerobic fitness would be expected to have the greatest public health impact on HF prevention among persons with low muscular strength (or vice versa, improvements in muscular strength would prevent more HF cases among those with low aerobic fitness).
We also found that low height was independently associated with higher risk of developing HF. Moreover, it had significant interactive effects with low aerobic fitness or muscular strength, indicating that these factors may account for more HF cases among persons of short stature. To our knowledge, these findings have not been previously reported. Further investigations are warranted to confirm them and identify the relevant mediating factors.
The mechanisms by which low aerobic fitness, low muscular strength and obesity may lead to HF are complex and include common intermediates. These exposures may increase the risk of HF partly through their contribution to other predisposing conditions, such as hypertension, diabetes mellitus, ischaemic heart disease or valvular heart disease. However, we found that they were associated with HF even after adjusting for or excluding these conditions. Clinical and experimental evidence suggests that they also have direct physiological effects on haemodynamic load, neurohormonal activation and oxidative stress, 29 which adversely affect cardiac structure and function, 30 diastolic filling, 30 and left ventricular mass and wall thickness. 31 Both increased adiposity and low aerobic fitness have adverse effects on insulin sensitivity, lipid metabolism, autonomic tone, fibrinolysis and inflammation, 32 33 which are also associated with increased development of HF. 34 35 This study suggests that early-life aerobic fitness and muscular strength are potentially important predictors of HF risk across the lifespan. Additional development of risk prediction models may be useful to confirm their long-term predictive and prognostic significance, and may help identify high-risk patients in whom to target earlier interventions.
Findings from this study are consistent with or slightly stronger than associations we previously reported between aerobic fitness, muscular strength, or obesity and other cardiovascular disease (CVD)-related outcomes (table 4) . [14] [15] [16] [17] [18] Furthermore, associations between these exposures and HF appeared only partly mediated by hypertension and other common conditions (ie, risk estimates 
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were only modestly attenuated after adjusting for other conditions), suggesting the possibility of other independent physiological effects on the development of HF. These findings from a large cohort suggest that early interventions to improve physical fitness and obesity may help reduce the long-term risk of HF as well as other CVD outcomes and mortality. Such interventions should include clinical counselling on physical fitness, which has been shown to be efficient, clinically effective and cost-effective, yet remains underused. 36 This study has several strengths, including prospective ascertainment of the study exposures and HF in a large national cohort, which helps prevent self-reporting or selection biases. We examined well-validated measures of aerobic fitness and muscular strength that are more objective and reliable than self-reported physical activity. [14] [15] [16] [17] [18] The results were adjusted for other common risk factors, including individual-level and neighbourhood-level socioeconomic factors, family history and chronic diseases that are commonly associated with HF.
Limitations included the lack of clinical data needed to distinguish HF with preserved versus reduced ejection fraction, and hence we were unable to examine differences in risk factors for these respective outcomes. Our study exposures were measured at only one age (~18 years), and therefore we were unable to examine changes in these factors over time. The study cohort also was all-male and relatively young (maximum attained age, 62 years). Other studies will be needed to examine these relationships in women and with additional follow-up to older ages when HF is more common. [14] [15] [16] [17] [18] In summary, this large national cohort study found that low aerobic fitness, low muscular strength and obesity at the age of 18 years were independently associated with higher risk of HF in adulthood, with additive and multiplicative interactions between aerobic fitness and muscular strength. Preventive interventions should begin early in life and include weight control as well as aerobic fitness and muscular strength, even among non-obese persons. [14] [15] [16] [17] [18] Contributor JS had full access to all of the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis. 
Key messages
What is already known on this subject? Low aerobic fitness, low muscular strength and obesity have been reported to increase the risk of heart failure (HF); however, their interactive effects are unknown. A better understanding of interactions among these common factors may help facilitate more effective primary prevention.
What might this study add?
This large cohort study found that low aerobic fitness, low muscular strength and obesity at the age of 18 years were independently associated with higher risk of HF in adulthood. Low aerobic fitness and low muscular strength had positive additive and multiplicative interactions and were associated with higher risk of HF even among men with normal body mass index (BMI).
how might this impact on clinical practice?
These findings suggest that early-life interventions may help reduce the long-term risk of HF and should include both aerobic fitness and muscular strength, even among persons with normal BMI.
